indicate that the barriers to conversion of the unstable dirneric species to the stable form is less than 60 cal.
INTRODUCTON
In recent years there have been a number of investigations involving aqueous solutions of biopolymers which employ ultrasonic spectoscopy as a method of analysis. 1 The particular interest in the acoustic properties of these substances is related both to biomedical applications of ultrasound as well as to the relevance of the propagation parameters to characterization of equilibrium kinetics of reactions involving biologically interesting marcomolecules.
It has been observed that in solutions of hemoglobin,2 bovine serum albumin,8 and poly-L-glutamic acid' the frequency dependence of the absorption coefficient a is compatible with a distribution of relaxation processes, viz., a N A r = E 1+ (Yfp)2 +B, (1) in which fp= 1/27/"Tp where Tp is the characteristic relaxation time of the pth process and B represents * This work represents in part, the Ph.D. thesis in biophysics of the first named author, Umversity of Illinois, Urbana, Ill., 1967. nonrelaxing absorption contributions. Little information has been provided, however, which serves to reveal the molecular origins of acoustic-macromolecular interactions. Part of the difficulty resides in the complexity of the macromolecular species, in particular the uncertainties concerning dynamic viscoelastic interactions that may be present for a polyelectrolytic molecular species. In this study, ultrasonic absorption measurements are presented for aqueous solutions of dextran, a quasilinear uncharged polymer, as a function of molecular weight as well as frequency. Since there is available both experimental and theoretical information that delineates the shear viscoelastic behavior of linear polymer solutions, the choice of such a material for ultrasonic absorption measurements provides an opportunity to examine any interrelations that may exist.
EXPERIMENTAL
The dextran (1-6 polyanhydroglucose, 5% non 1-6 linkages) employed in this investigation is type NRRL B512 obtained in fractionated form.5 Molecular-weight and intrinsic viscosity information provided by the manufacturer is listed in Table I 
MW
A semiautomatic version of the conventional pulse technique was employed over the frequency range MHz. The instrumental precision has been determined in the couse of several hundred determinations of a in distilled water conducted throughout the course of the investigation. Diffraction corrections are made at 3 and 9 MHz assuming that these losses are additive and noninteracting with the intrinsic absorption of the sample. The fractional standard deviation has been found to vary between 3.72% at 9 MHz to 18.0% at 195 MHz, with a minimum deviation of 2.46% observed at 21 MHz. Throughout the frequency range the mean values of a obtained in water agreed in all instances within 3% of accepted values. l Sample temperature was determined and maintained at 20
The measurement of the speed of sound in the dextran solutions revealed that the presence of the solute decreases the over-all compressibility, with solutions having a slightly higher sound speed than water. For most solutions considered in this study, the net change is of the order of measurement error (0.3%) so that a systematic examination of this data will not be attempted here.
RESULTS
Ultrasonic absorption values have been determined for at least three concentrations at each molecular weight and frequency. Within the experimental error, the absorption was found to be a linear function of concentration to about 10% throughout the molecularweight and frequency range, extrapolating to the absorption coefficient for water at zero concentration.
The results are depicted in Figs. 1 and 2 in terms of the concentration-free relaxation parameter Aa/(cf2)
2. ~/ (eft) vs frequency for the monomer glucose and dextran of molecular weights listed in Table I . (1) except at the highest frequencies of observation there is an absorption contribution associated with polymerization, (2) there is a molecular-weight dependence of Aa/(cj2) for molecular weights less than about 25 X 10 8 which becomes less pronounced as the frequency is increased; (3) at molecular weights above 25X 10 3 the absorption is independent of molecular weight within the frequency range considered; and (4) there is an apparent limiting dependence corresponding to Aa/(cj2) ex: /-1/2.
These observations are suggestive of results obtained for shear viscoelastic properties of polymer solutions,G and one can proceed along this line of analysis by considering the anticipated viscous losses, viz., (2) where p is the density, V is the sound velocity, and 7]/ and 7].' are the dynamic volume and shear viscosities, respectively. Static hydrodynamic and viscosity measurements in Pharmacia NRRL B512 dextran have been [7] Jo), the shear viscosity, and consequently Aa/ cj2, will be independent of frequency, passing to an /-1/2 dependence in the region above /1. Employing the above relation for /1 to the two lowest molecular weights (M",=3.4Xl0 3 and 11.2 X lOS) considered in this investigation, one expects the transitions to occur at about 35 and 6 MHz, respectively. Transitions of the correct form are in fact observed in both cases which suggest that the absorption may be intimately related to the normal modes involved in shear viscosity (see Fig. 2 ).
This approach is not without frailty, however, inasmuch as it does not explain the magnitude of the absorption. Consider, for example, the predicted behavior of the highest-molecular-weight solute employed (M", =3.7Xl()1i) which will yield the greatest theoretical shear viscosity. For a 5% solution at 9 MHz U//l~270), the observed excess absorption will be approximately 25XHr-17 cm-1 sec2 or nearly that of water. The excess attenuation anticipated from the model is less than 2X 10-17 cm-1 sec 2 so that it becomes evident from Eq. (2) that a disproportionately high volume viscosity (71.'/71.' > 10) would be required for adherence to the simple approach presented here.
DISCUSSION
At this juncture it is worthwhile to compare the results obtained in dextran to measurements obtained by others in aqueous solutions of another linear polymer, viz., polyethylene glycol. Measurements lO over the frequency range 10-185 MHz, obtained for molecular weights of 7500 and 20000 have been interpreted in terms of a single relaxation, i.e., N = 1 in Eq. (1). While this formulation does provide a somewhat reasonable fit to the data, the total relaxation occurring over this frequency range is somewhat less than that usually necessary to distinguish a single process. That this procedure can be somewhat perilous may be seen in Fig. 3 in which the solid line depicts the single relaxation fit to these data 10 for Mw= 20000 at 25°C, and the solid points correspond to more recent measurements ll at 20°C from 1.5 to 80 MHz in the same material, suggesting the presence of multiple relaxations. The relaxa tion frequency corresponding to the primary mode at this molecular weight, calculated as above for dextran, is 0.95 MHz and it is evident from Fig. 3 that for polyethylene glycol, as well as for dextran (Fig. 2) , the absorption behavior above this frequency is in reasonable agreement with the 1-1/2 dependence.
The absorption behavior in solutions of polyethylene glycol has been measured as a function of molecular weight to a lower limit of 600 by Hammes and Schimmel,12 and a single relaxation analysis was again employed to characterize the relaxation behavior in the frequency range 14-175 MHz. Although the complete absorption spectra are not presented, they observe that the apparent relaxation frequency decreases with increasing molecular: weight to a molecular weight of 10 G. Hammes and T. Lewis, J. Phys. Chem. 70, 1610 (1966 7000 and is thereafter independent of molecular size. This may be interpreted in the following way: At high molecular weight (above 7000), the primary relaxation frequency is below the frequency range of observation and single relaxation analysis will be insensitive to variations of the primary relaxation frequency. As the molecular weight is lowered, however, the relaxation frequency increases and becomes important in determining the apparent single relaxation parameters as it approaches and enters the experimental range and thus provides a useful qualitative indication of the relaxational properties. Their observations are in this sense compatible with those indicated above, together suggesting the possibility that, in solutions of linear polymers, the normal modes involved in shear viscoelastic behavior may become intimately involved in the ultrasonic relaxation.
In general, the origin of a volume viscosity in associated liquids such as water is believed to be closely related to that of shear viscosity,13 both involving structural rearrangements of the liquid lattice. In addition, for simple hydrogen-bonded liquids the ratio 71.'/71.' is usually of the order of 3 or less. For polyethylene glycol, and as indicated above for dextran, the magnitude of the observed absorption would require a substantially higher volume contribution than would be warranted by straightforward predictions from the random-coil model. Thus it appears likely that normal modes of the molecule merely determine the mode of coupling to some other relaxation process involving the solvent. One may speculate, for example, that acoustic perturbation of normal modes accomodates rearrangement of water molecules engaged in weak bond interactions along the polymer backbone. More substantial delineation, however, is not presently available and remains the subject of work in progress.
